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RECENT DEVELOPMENTS IN THE FIELD OF BIOLOGICAL NITROGEN FIXATION 
by 
Peter Dart, ICRISAT 
The resurgence of interest in nitrogen fixation as an important 
process in agricultural production has been coupled with an increase in 
themonejravailable for research, notably in the United States under the 
auspices of the National Science Foundation and USAID. Our understanding 
of nitrogen fixing systems has grown quite rapidly, particularly of the 
symbiosis between Rhizobium and legumes. This review tries to highlight 
recent developments in our understanding of nitrogen fixation, and to 
suggest areas where future work could increase the benefits to agriculture 
from nitrogen fixation. References are cited only to indicate when the 
results under discussion were published. A comprehensive 
been attempted. 
1. Nodule Development 
review has not 
The mechanisms controlling the large degree of specificity in 
nodule formation by Rhizobium are poorly understood. It has long been 
recognised that each strain [or species) of Rhizobium will only nodulate 
readily a restricted group of plant species e.g. rhizobia nodulating cowpea 
do not normally nodulate chickpeas. Strains of rhizobia also vary in their 
ability to nodulate different cultivars of a particular host. Further, 
competition in forming nodules occurs between the specific Rhizobium strains 
able to nodulate the host, when the root is exposed to a mixture of such 
strains. This competition is important because it largely determines the 
success in forming nodules of introduced strains in a seed inoculum, when 
competing with a large population of rhizobia already present in the soil. 
Such a situation occurs in many soils, particularly where the legume has 
been cultivated for a long time.* 
* One tries to introduce the inoculum strain because it is more effective 
in fixing nitrogen than most of the native soil population of rhizobia. 
Inoculation with Rhizobium generally has a beneficial effect on legume 
growth when the appropriate rhizobia for nodule formation are absent or 
else present in low numbers in soil, or are poorly effective in nitrogen 
fixation. 
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Attempts to relate this specificity 6r l'recognftion'Ijrocessfs in 
nodule formation to differences in the structure of the exopolysaccharides 
secreted by rhizobia have been unsuccessful. However roots of beans 
(Phaseolus vulgaris) were shown to contain a lectin which binds the specific 
Rhizobium phasesli strains nodulating that plant (Hamblin & Kent, 1973). 
Lectins are cell-agglutinating proteins which react with specific sugar 
molecules and include the plant phytohaemagglutinins. Rhizobium strains 
nodulating soybeans were bound by soybean lectin which did not bind strains 
from 5 other species of Rhizobium which do not nodulate soybeans (Schmidt 
G Bohlool, 1974). Very recently Wolpert and Albersheim (1976) have shown 
that this specificity may result from the interaction of the lipopoly- 
saccharide containing, O-antigens of the Rhizobium cell wall with the plant 
lectin. 
There is much structural diversity in these lipopolysaccharides, 
sufficient to account for the specificity of the host legume - Rhizobium 
interaction in the root infection process. Thus the plant lectins may 
preferentially bind specific Rhizobium strains to the root (eg. Dazzo E 
Hubbell, 1975), or alter the Rhizobium cell structure and metabolism as a 
prerequisite to infection Bauer, Bhuvaneswari G Pueppke, 1976). The close 
association of groups of Rhizobium with the root hair then induces the 
distorted growth of the hair resulting in infection of the plant through 
development of an infection thread. Infection threads are well defined 
invaginations of a host plant cell wall which carry the bacteria into the 
cell before they are released into the plant cytoplasm. 
Some legumes such as groundnut apparently have a different 
infection mechanism during nodule development. Infection threads are not 
found and once the plant cell wall is breached, further dissemination of the 
bacteria takes place through host cell division (Dart, 1974). This 
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difference in the infection process may affect the competition between 
Rhiaobium strains in nodule formation. 
Experimentally the competition from native soil bacteria can be 
partly overcome by adding large numbers of the inocufum strain to the 
can 
seed or to the soil. Thisbe achieved by using better quality inoculants, 
with more rhizobia per gram of carrier, by making large pellets of inocu- 
lum plus seed, by adding pellets of inoculum or by watering the inoculum 
into the furrow below the seed. The commercial feasibility of these 
approaches is still being studied. 
The best carrier for Rhizobiirm in inoculants is sterilised, peat 
powder. For countries which do not have peat, recent work suggests that 
sugar cane filter mud, lignite and possibly some types of coal may be 
suitable alternatives (Kandaswamy and Prasad, 1971; Philpotts, 1975; 
Roughley, 1976; Strijdom and Deschodt, 1976). It is essential that 
Rhizobium in the inoculant survives in the soil long enough to nodulate 
the seedling. Differences exist between the fast growing rhizobia nodulat- 
ing cowpea, Desmodium uncinatfmr-, soybean and Glycine wightii which survive 
well with little or no benefit from lime pelleting (Herridge and Roughley, 
1974; Date, 1975). This illustrates the danger of extrapolating from our 
knowledge of temperate legumes to tropical situations. 
In several field trials with pasture legumes.such as subterranean 
clover, and the tropical legume Desmodium uncinatum an initial response to 
inoculation where the inoculum strain formed 85% or more of the nodules, was 
followed in subsequent years by a decline in the formation of nodules by 
the inoculum strain and a build @ of antigenically unrelated strains, 
apparently from the original soil population (Roughley, pers. comm.; 
Date, 1975). 
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New techniques have made such studies feasible. The particular 
strain forming a nodule can be identified by its reaction with specific 
antibodies to the particular strain(s) which are conjugated to a fluores- 
cent marker. The reacticn is observed microscopically. The method requires 
a skilled observer but is quick to use. Rhizobium strains can also be -- 
identified by their resistance to antibiotics or certain antimetabolites 
(e .g. Obaton, 1975; Schwinghamer, 1975). Resistant mutants can be produced 
in which the ability to form nodules and fix nitrogen is unimpaired. Using 
such serofogical markers or resistant strains, it has been shown that more 
than one strain of Rhizobium can be present in a nodule (Skrdleta, 1970; 
Lindemann, Schmidt & Ham, 1974; Marques Pinto, Yao E Vincent, 1974; Johnson 
E Berringer, 1975). 
Modules are usually thought to harbour only Rhizobium but recently 
the presence of large numbers of other bacteria has been detected in 
groundnut, cowpea, (e.g. Jansen van Rensburg and Strijdom, 19723, Phaseolus 
vulgaris (P.H. Graham pers. - comm.) and lupin (Dilworth, pers. comm.), and 
these may have an effect on nodule senescence. 
The possibility of extending the Rhizobium symbiosis to non- 
legumes became more feasible when it was found that some cowpea Rhizobium 
strains can form abundant nitrogen fixing nodules on the small, non-legume 
bush Trema cannabina (Family Ulmaceae) (Trinick, 1973, 1976). Lcghaemoglo- 
bin, the red pigment characteristic of nitrogen fixing legume nodules is not 
produced (Coventry et al., 1976). The nodule structure has similarities 
with legume nodules and also simtlarities with nitrogen fixing, non-legume 
nodules formed by actinomycetes, such as those on Casuarina. Both types 
of non-legume nodules develop from modified roots. The culture of the 
nodule forming actinomycete independently of the host plant cells has not 
been achieved yet, so tkdt inoculation experiments on a field scale are 
not feasible. 
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During the International Biological Programme the number 
nodulating non-le,we species was extended to 157, out of total of 
of 
342 
species in the genera which form such nodules. Generally these species 
were nodulated in most locations, although notably some Casuarina spp in 
Australia often did not appear to bear nodules (Bond, 1976). Casuarina 
trees in Senegal can fix up to 60 Kg N/ha/annum (Dommergues, 1966). An 
unconfirmed Russian report describes nodules on the grass Calamagrostis 
arundinacea (Bond, 1976). 
2, Nodule Activity 
Nitrogen fixation by soybean nodules is limited by carbohydrate 
supply from the leaves. Increasing photosynthesis by increasing the carbon 
dioxide concentration around the leaves, adding supplementary light, reducing 
interplant competition by thinning at early pod fill, increased nitrogen 
fixation (e.g. Lawn & Brun, 1974; Hardy 4 Havelka, 1976; Ham, Lawn G Brun, 
1976), as did increasing the photosynthetic capacity of the plant by grafting 
on another top (Streeter, 1972). Reducing the reproductive sink size by 
removing pods also increased nitrogen fixation when compared with control 
plants. However adding nitrogen fertiliser at any stage during growth to 
the roots or to the leaves has relatively little affect on yield and even 
applying 224 Kg N/ha only increased yields by 9.6% and was certainly not 
economic (Welch, 1974; Ham, Lawn 6 Brun, 1975). Thus for soybean, and for 
cowpeas (Summerfield et. al. 1975, 1976, 1977) well nodulated plants are 
capable of providing the nitrogen required for good grain yields. For 
soybean in much of the US, a large part of the total nitrogen requirement 
comes from the soil nitrogen, but equally good yields can be obtained in 
tropical environments where the soil nitrogen status is poorer. Adding 
nitrogen to well nodulated cowpea plants at any stage of the life cycle 
likewise has little effect on final yield. 
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This lack of response to combined nitrogen is probably a reflect- 
ion of the similarity in the energy requirements for the assimilation by 
plants of nitrogen and nitrate via reduction to ammonia (eg. Gibson, 1976). 
A large proportion of the total photosynthate cycles through the nodules - 
estimated to be as much as 32% in peas (Minchin and Pate, 1973). Carbon 
skeletons are required for the transport of the fixed nitrogen to the shoots, 
as well as some respiratory requirement for nodule growth and reduction of 
nitrogen. Nitrogen fixation fluctuates diurnally and seasonally as the 
ability of the shoot to supply this carbohydrate changes. The pool of 
carbohydrate in cowpea nodules will only support nodule function for 1-2 
hours in the absence of fresh inputs (Halliday, 1976). Recently Graham and 
Halliday at CIAT (1976) have been examining the relationship between carbo- 
hydrate levels in plant parts and nitrogen fixation by Phaseolus vulgaris 
varieties. Marked varietal differences exist, with a strong correlation 
between carbohydrate supply to the nodule and nitrogenase activity. Climbing 
varieties with a large soluble carbohydrate content, and varieties with 
more soluble carbohydrate in their nodules, fixed most nitrogen. 
Soil temperature can have marked affects cn nodulation and rates 
of nitrogen fixation. Two CIAT '.:&field sites in Columbia, 140 Km apart, 
have : - * maximum soil temperature!, at10 Em depth of 29*, and more 
than 35"C, and this is associated with a halving of the maximum nitrogenase 
activity per plant. Nodulation of cowpea seedlings is much delayed when soil Y.. . . :.: 
temperatures rise to 40°C during the day (Eaglesham i5 Dart, 1976). Host 
varietal and Rhizobium strain differences in the response of the symbiotic 
system of soybean & cowpea to soil temperature also exist (Dart et al 1976). 
Nitrogen fixation by chickpea nodules is likewise inhibited when temperatures 
rise to 33'C during the day (Dart, Islam and Eaglesham, 1975). Such soil 
temperature effects limit the regions and seasons in which legumes can be 
grown. 
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High soil temperatures are often associated with soil moisture 
deficits. As nodules dehydrate in dry soil, or in air, they lose the ability 
to fix nitrogen and beyond a certain moisture level this is irreversible 
(Sprent, 1976). Recent studies have examined the relationship between soil 
water potential, leaf moisture potential and nitrogen fixation and have 
shown a marked optimum at a soil water potential of - 2 bars for soybeans 
(Huang, Boyer and Vanderhoef, 1975). Waterlogging drastically reduces 
nitrogen fixation by cowpcas and pigeonpeas (e.g. Minchin E Summerfield, 
1976). Field observzitions suggest that some species are more tolerant of 
waterlogging than others. 
Soil moisture has a large effect on yields of chickpea grown in 
India without irrigation. The crop relies on residual soil moisture. Most 
nodules are confined to the top 15 cm soil which progressively dries through 
the season. Roots develop in the lower, still moist, soil zones but do not 
form more nodules as the early formed ones senesce. This is usually at the 
early pod fill stage at Hyderabad. As the nitrogen supply from the roots 
declines, nitrogen moves from the leaves to pods, and the plant enters a 
senescent phase. Pigeonpea on the other hand also matures on residual 
moisture but continues to take up nitrogen until plant maturity, wi:h new 
nodules forming deep in the soil (Sheldrake, Saxena G Narayanan, ICRISAT). 
It remains to be seen whether enough plant variability exists to find 
chickpea lines capable of forming new nodules later in the life cycle and 
pigeonpeas with nodules more tolerant of moist soil conditions and resistant 
to grub attack. 
Much is known about the mineral nutrition of some forage legumes 
and the interaction with nitrogen fixation, from work at CSIRO Division of 
Tropical Agronomy in Australia (Andrew, 1976). Calcium, bcron and acid soil 
factors and to a lesser extent phosphorus and sulphur have a direct effect 
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on initiation and development of nodules, whereas molybdenum, phosphorus, 
sulphur, calcium and boron influence the efficiency of the symbiosis. Other 
nutrient elements affect plant metabolism and growth independently of the symbio- 
sis. Differences exist between species in their comparative responses and 
efficiences of use of these nutrients, This has implications for breeding 
plants for low fertility conditions. 
Soil acidity tends to be associated with calcium deficiency, manganese 
toxicity and aluminium toxicity, and more prevalent in the humid tropics. The 
responsejto these factors have been characterised for a very limited selection 
of legume species (mainly forage plants) and Rhizobium strains. Some effects 
on growth of Rhizobium in soil have been detailed. There are possibilities of 
choosing legume species and cultivars, and Rhizobium strains which are more 
tolerant of extreme conditions. The most promising forage species include 
Stylosanthes guyanensis, Desmodium, Centrosema and Pueraria (Kudzu). The only 
tropical grain legumes characterised in any detail are cowpea and Phaseolus 
vulgaris. Tolerance of one acidity factor does not necessarily correlate with 
tolerance of another and successful nodulation under one of these stresses does 
not guarantee successful nitrogen fixation. Lime pelleting of seed is only 
useful where the main difficulty is establishment of Rhizobium in the rhizosphere, 
(Munns, 1976) . Plant breeding offers a very large potential for overcoming 
toxicity problems and using limiting nutrients such as phosphorous more efficiently, 
but selections must be made on plants growing under the stress conditions (Foy, 
1974). Trials conducted by CIAT at Carimagua in Eastern Colombia, demonstrated 
large differences between cowpea and Phaseolus vulgaris varieties in response'to 
acidity with one cowpea cultivar from India yielding nearly 50% more than the 
average of the 20 entries (Spain et al. 1975). Groundnut also seems relatively 
tolerant in its nodulation and nitrogen fixation to low soil pH and high 
zluminium levels( 
flungi and 
soil, and 
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Vesicular-arbuscular (VA) mycorrhizal associations of certain soil ” 
roots help legumes to overcome a lack of available phosphorus in 
thereby grow and fix nitrogen. The fungi are partly root and partly 
soil based and the extensive hyphal network in the soil increase the root 
absorbing surface beyond the ion depletion zone by a factor of 10 or more. 
Plant phosphorus uptake is greatly increased by mycorrhiza, which do not mobi- 
lise soil phosphate better than plant roots, but explore the soil more thorough- 
ly. Phosphorus uptake from rock phosphat e in acid soils is greatly enhanced by 
mycorrhiza. Soils differ in the number of VA endophyte propagules they contain 
and the endophytes differ in their ability to aid phosphorus uptake. There is 
little host specificity but soil and environmental factors determine distribu- 
It is possible to produce more effective ’ tion of the endophyte species. 
mycorrhiza in non-sterile soils by inoculation, but because the fungus cannot 
be cultured away from the host, the potential for field use is cureently small. 
(Masse, Powell, and Hayman, 1976; Masse, 1976;). 
Recent field experiments at IITA with cowpea and soybean have shown 
that seedling inoculation with VA endophytes can substantially increase phospho- 
rus uptake, nodulation and nitrogen fixation (Islamgers;.~omm.); .The ability 
5f legumes to grow and fix nitrogen in soils low in phosphorus may well depend 
on their ability to form mycorrhiza. Mycorrhiza will deplete the soil phospho- 
rus unless the phosphate removed in the crop is returned by addition df ferti- 
liser , However this can be as rock phosphate which may be cheaper and more 
readily available than more soluble forms of phosphorus fertiliser. 
3, Measurement of Nitrogen Fixation in the Field 
The most reliable estimates of nitrogen fixation come from nitrogen 
balance studies, preferably over several seasons. The factors involved have 
recently been discussed by Greenland (1975). Such studies are not simple to 
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conduct and require rigorous sampling techniques. The equation for deriving 
total nitrogen fixed may be simplified down to 
F = $1 + a, + c 
where F = total nitrogen fixed 
N= change in nitrogen content of a given mass of soil between times tl and t2 
L= nitrogen lost from a given mass of soil in leachates 
C= nitrogen removed from a given mass of soil by crops and standing vegetation 
if terms are omitted from the equation that are relatively small such as 
nitrogen lost by volatilization and denitrification, removal of nitrogen in 
eroded soil, combined nitrogen added to the soil in rainfall, nitrogen returned 
to the surface soil from subsoil by roots or in upward movement of the soil. 
solution, nitrogen added in dust, 
Neither the amount of nitrogen removed in crops, nor the increase in 
soil nitrogen, is an adequate measure of nitrogen fixation. As soil nitrogen 
levels tend to change rapidly in most tropical soils and leaching losses and 
crop removals may be large, it is difficult to obtain an approximate measure of 
biological nitrogen fixation without conducting careful field experiments, and 
these should attempt to evaluate each of the terms in the nitrogen balance 
equation. 
Very few studies of this nature have been conducted. Jones and Wild 
(1976) have reviewed such experiments in the West African Savanna Zone. Experi- 
ments at IITA are following the nitrogen balances of soils under different 
agronomic practices, and a project of the North Carolina State University 
(Agronomic-Economic Research on Tropical Soils, Annual Report for 1974) describes 
changes in soil nitrogen following clearing and cultivation of soils at several 
sites in South America. 
Such studies are essential if we are to learn how legumes and other 
nitrogen fixing systems conti+bute to soil nitrogen, and how subsequent crops 
can benefit from this. 
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The nitrogen fixed by grain legumes can be large, and varies 
considerably with both the legume species and the environment in which it 
is grown. For example yields of groundnut in shell of 7,000 Kg/ha have 
been obtained in Malawi (Gibbons, 1976). Such yields imply nitrogen fixation 
by the crop of more than 250 Kg N/ha. Yields of chickpeas can be as high as 
4-5,000 Kg/ha in north India, with the crop vegetative development continuing 
into late pod fill stage, a pattern of developemnt quite different to that 
in Hyderabad where vegetative development is curtailed much earlier and yields 
are about a third of those obtained in the North. Such yield differences 
reflect large differences in the rate of nitrogen fixation. Pigeonpea can 
return 2,200 Kg D.M. of leaves containing 36 Kg N to the soil, and this influ- 
ences the utilisation by the stibsequent.: crop‘ pf the nitrogen~Xix.eC:Xb~: pigeon- 
pea (Narayan and Sheldrake, 1976). 
The acetylene reduction assay for nitrogen fixing activity is rapid 
and convenient to use in some soil types and plant systems. Ham (1975) has 
recently discussed the assumptions underlying several methods of estimating N2 
fixation and described their limitations. In field experiments in Minnesota 
:he compared the estimates from the total nitrogen contents of nodulating and 
nonnodulating soybean isolines with the acetylene reduction assay and with the 
‘A’ value technique developed at IAEA, Viana which uses 15 N labelled fertiliser 
to measure nitrogen fixation. All techniques gave similar estimates. The 
acetylene reduction assay needs to be rigorously standardised for the particular 
crop, and soil/environmental conditions. It is very useful for comparing 
different treatments (e.g. cultivars) grown at the same time. The acetylene 
reduction technique has been used extensively at CIAT with Phaseolus vulgaris 
and has shown large differences in nitrogen fixation between lines, and that 
the period of active nitrogen fixation is of very limited duration. 
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i' At IRRI the acetylene 
of-nitrogen fixation associated 
reduction assay is being used in measurements 
with rice culture. At'HITA both grasses, yams 
and grain legumes a% being studied. We have recently started at ICRISAT to 
adapt the technique to measure fixation by pigeonpea, groundnut and chickpea 
and to screen mil,let and sorghum roots for nitrogenase activity. 
4. Use of Legumes in Farming Systems 
Despite the increases in area sown to cereals associated with the 
Ogreen revolutiorQ1 , grain legumes would appear to have an assured place in cropp- 
ing systems because they are a preferred item in the'diet. Traditionally many 
legumes are sown as intercrops and mixed cropping offers ways of increasing the 
area sown to legumes. Such systems are receiving increasing attention at the 
International Institutes eg. CIAT is examining the maize-bean intercrops, IRRI 
soybeans, mung beans and cowpeas with rice; ICRISAT is concentrating on pigepn- 
peas with millet, sorghum and maize; IITA - cowpea with maize and also looking 
at legumes with a relatively prostrate growing habit as a living mulch; CIMMYT - - 
rotations involving wheat and medics or subterranean clover in North Africa. 
There are still many situations where use of legumes can be increased, 
eg. the use of bunds, roadsides, gulleys to grow legume/grass mixtures and 
forage trees such as Leucaena, the establishment of legume leys or covers instead 
of bush fallows (in Africa) or cleared, kharif fallows (in India). 
Traditional uses of legume trees such as Acacia albida, grown through- 
out Africa, show ways in which trees can increase production of associated crops 
and firewood. 
as well as serve as a source of fodder/ Presumably because the tree fixes . 
nitrogen, as well as recycles nutrients from subsoil to top soil, crops grown 
in the ambience of the tree yield more. The leaves are shed during the wet 
season so that associated crops do not have their light restricted. Farmers 
encourage Acacia albida, but deliberate plantings would probably increase its 
usefulness manyfold. A USAID project in West Africa is currently examining this 
possibility. 
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5. Nitrogen Fixaticn Associated with Non-Nodulated Root Systems 
The acetylene reduction assay provided a new tool for examining 
nitrogen fixation by bacteri a associated with the roots of non-nodulated plants, 
That such nitrogen fixation may be a significant input for plant growth was 
suggested by the accumulaticn of nitrogen in soil under long term grass ..- 
fallows and in forests, by unusually high,apparent fertiliser reccvery rates 
for some trcpical crops, and the stimulation of numbers of nitrogen fixing 
bacteria in the root zone of tropical grasses and sugarcane. 
Assays of roots washed from the soil showed that over forty tropical 
grass and cereal species supported such nitrogen fixaticn. The activity of 
these isolated root systems is very dependent on the oxygen concentration in 
the atmosphere surrounding the roots, with most activity usually around 1% 02 
or less. There is usually a lag period of 12-20 h after harvesting the roots 
before much activity is detected, and activity then continues at a more rapid, 
linear rate for several hours. The bacteria responsible for this activity are 
fairly tightly bound to the root surface or even within the root. Several . . 
types of bacteria have been isolated:- Enterobacteriaceae - Klebsiella, 
Enterobacter, Escherichia spp; Azntobacteriaceae - Azotobacter, Beijerinckia, - 
Derxia; also clostridia, and Bacillus polymyxa. Recently work in Brazil 
showed that root pieces of the grass Digitaria decumbens and maize with much 
nitrogenase activity, harboured an organism identified as Spirillum lipoferum 
(Dobereiner and Day, 1975). Similar organisms have now been found in many 
other countries and are associated with a wide variety of plants, including 
millet and sorghum grown at ICRISAT. Taxonomic studies suggest that the 
organism is more correctly a Derxia spp, and that there is a continuum of 
bacterial types ranging from aerobic to microaerophilic, and the classic 
Azotobacters to the Derxia types, associated with roots having nitrogen 
fixing activity. 
Using this excised root assay, Von Bulow and Dobereiner (11975) 
showed that field grown maize roots had very high acetylene reducing activity, 
the 
much higher than/previously recorded activities for grasses such as Pennisetum 
purpureum (Napier grass). There were large differences between some maize 
Sl lines and the original cultivar, with the three best lines approaching the 
activity on a ihole root system basis of a well nodulated soybean root; the 
potential fixation was estimated to'be 2Kg N/ha/day. Most activity occurred 
around the 75% silking stage, with soil type affecting the activity, and with 
large differences between plants of a given line. 
Naturally these results prompted a great deal of interest in such 
systems. However recent results suggest that the activity may not be transferr- 
able to North America. Professor Evans at the University of Oregon (pers. comm.), 
and Professor R.H. Burris (1976) at the University of W isconsin, found that 
field and pot grown maize plants inoculated with Spirillum lipoferum gave 
only slight .(axid.not statistically significant) increases in dry weight and 
nitrogen content over uninoculated plants. Little acetylene reduction was 
found in soil core4assays. More was obtained with excised root assays but 
there was multiplication of Spirillum during the preincubation period that 
could account for this activity. In another field experiment in Florida out 
of forty grass genotypes tested (3 Digitaria, 13 Panicurp, 8 Paspalum, 2 Cy?Zdon 
and 13 Cenchrus spp) only Digitaria decumbens and Panicum maximum responded to 
inoculation with Spirillum with plant dry weight increase.. In a further 
experiment, inoculation of Pennisetum americanum @earl millet)and Panicum 
maximum increased forage production at some N fertiliser levels. Plant nitrogen 
content was not increased. 
More evidence will be needed to show that this root associated nitrogen 
fixation can be increased by inoculation. Nitrogen fixing associations can be 
readily established in soils which have not previously grown the plants. For 
example, pearl millet and sorghum develop such associations in Woburn (England) 
sandy soil. However by analogy with the Rhizobium - legume association there 
may well be specificities between grass and cereal roots and the strains or 
species of bacteria they associate with. 
Besides maize, differences in nitrogenase activity were she-wn between 
cultivars of Pennisetum purpureum and Paspalum notatum (Dobereiner and Day,l976). -- 
We have obtained differences between sorghum and millet lines grown at ICRISAT, 
using an excised root assay but with the preincubation at 15°C which inhibits 
Spirillum lipoferum multiplication on the roots. The maximum activity (1.2 - 
1.9 umol/g dry root/h) was 4 to 1/3rd that of the best maize lines in the 
Brazilian work but we assayed the whole root system; whereas only part of the 
maize roots were taken for the assay. At ICRISAT there could be a 20 fold 
difference in activity between adjacent plants of the same cultivar. 
We are now using a soil core assay which reduces variability between 
replicate plants; differences between lines are still large. In these soil cores 
the nitrogenase activity is not increased by lowering the oxygen tension around 
the core, and the smaller lag in the onset of activity can be accounted for by 
the time taken for diffusion of gases into and out of the core. The activity in 
soil cores is much reduced as the soil dries, but in the excised root system, 
soil moisture level had little effect until wilting point w2s approached (Day, 
Neves and Dobereiner, 1975). Klucas (pers. comm.) at Nebraska State University 
has also assayed scrghum, and found 6 out 200 lines with high activity using a 
soil core technique. In Senegal and Ivory Coast, rice and various tropical 
grasses had nitrogenase activity when assayed by an in situ core method. -- 
Nitrogen balance studies on long term experiments at IPRI, and in 
Japan, Thailand and Indonesia, and 15N labelled fertiliser experiments, indicate 
that an average of 60 Kg N/ha can be taken up by a rice crop other than from 
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mineral N fertilisers. Much of this would come from biological nitrogen fixa- 
tion (Watanabe and Lee, 1976). This could be due to the activity associated 
with the roots, demonstrated in in situ soil core acetylene reduction assays, --- 
or to activity associated with blue-green algae, either free living or in the 
leaf of the small water fern Azolla. Current estimates indicate that the algae 
contribute more fixed nitrogen than the root system which fixes around 0.05 Kg 
N/ha/day. The rice system is difficult to work with as the flood water affects 
gas diffusion, and more than one nitrogen fixing system is involved. 
Ergeriments in India and Japan have indicated that inoculation of rice 
paddy with blue-green algae can stimulate yields, even when N fertiliser has 
[e.g. Venkataraman, 1975). 
been appliedL Azolla is extensively cultured in North Vietnam for use as a 
composted manure, and is, estimated to fix large amounts of nitrogen (Pieie and 
Watanabe pers. comm.). Acetylene reduction assays in rice fields in Indonesia 
Suggest nitrogen fixation by kzolla of up to 120 Kg N/ha/season (Becking, 1975). 
There are other plants such Eichornia, the water hyacinth, which also 
(Dart, unpublished) 
stimulate much nitrogen fixing activityL Blue green algal crusts form readily 
on moist tropical soil surfaces and also fix nitrogen. 
Carefully conducted nitrogen balance studies are needed to show what 
proportion of the plant nitrogen can come from this biological fixa.cion. There 
are many gaps in our knowledge of the systems discussed above. What is the 
relationshi? between acetylene reduction and nitrogen fixation? The variability 
from plant to plant in acetylene reducing activity needs to be better understood. 
Is the fixed nitrogen transferred from bacteria to plant? The conditions which 
favour nitrogen fixation also favour denitrification and Spirillum lipcferum 
can dissimilate nitrate (Dobereiner, 1976). How much energy does the plant 
need to provide in order to obtain a useful amount of nitrogen from its associated 
bacteria? l5 N2 experiments will be needed to answer these questions. 
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6. Biochemistry of Nitrogen Fixation 
Since the first -. ., cell-free, nitrogen fixing preparations were 
obtained f?om bacteria abcut 15 years ago, the enzymes involved in the process 
have been studied extensively. One of the initial aims of this work was to 
describe the active nitrogen reducing site in molecular terms so that a similar, 
energetically favourable system could be developed for the industrial production 
of nitrogen fertiliser. This has not been achieved, although catalysts capable 
of reducing nitrogen at room temperature with good yields are now knottn (Chatt . 
et al., 1975). 
Recent biochemical work has been concerned with purification of Che 
nitrogen fixing enzymes and their sub units, coupled with the use of sop?isti- 
cated probes such as electron spin resonance, to find out how the electrons are 
transferred to nitrogen during the reduction to ammonia, the arrangement of the 
metalatoms involved in this transfer, and the role of cofactors such as AS’ in 
the process *of nitrogen reduction. 
Other work has been concerned with the release of fixed n~?t~:~~... .Z 
bacteria, and the efficiency of energy use in this process, using diffc:,.,t 
bacterial mutants. 
Nitrogenase is also capable of using some of the reducing 1 A. 
available in the bacterial cell to produce hydrogen gas, and this decrcc.,z; thz 
potential for fixing nitrogen. Recent studies on root nodules have bcez 
concerned with why this process occurs at all, the magnitude of it, t1z ;~r~;~ol,, 
tion of the plant-supplied energy wasted by it, and the differences il h;rdrogen 
production between plant-Rhizobium associations. Can associations be selected 
with less hydrogen evolution and more nitrogen fixation? 
The pathway of ammonia incorporation by nitrogen fixing bacteria and 
blue green algae, and by the root nodules has also been elucidated, aad is 
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different in some aspects to that normally used when other (es. fertiliser) 
forms of nitrogen are used by the plant (eg. Brown G Dilworth, 1975; Miflin 
G Lea, 1376). 
The role of leghaemoglobin, the red pigment essential for the reduc- 
tion of nitrogen in nodules, has also received much attention. Leghaemoglobin 
provides an appropriate supply of oxygen at low oxygen tension to the Rhizobi2 
bacteroids in the nodule, for the efficient functioning of nitrogenase. Thus 
factors such as poisoning of the pigment with nitric oxide will reduce the 
oxygen binding capability and may induce nodule senescence. The production 
and/or turn over of leghaemoglobin becomes an important aspect in the longevity 
of nodules. 
7. Genetic Manipulations of Nitrogen Fixing Bacteria. 
necessary 
bacterium 
Recent developments have been concerned with the movement of the genes 
for the production of the nitrogen fixing enzjlrie from one species of 
to another, and the fixation of nitrogen by Rhizobium outside the 
nodule. The production of new nitrogen fixing bacteria has been achieved 
through phage transducticn, and conjugation involving chromosomal genes. The 
I 
recent production of extrachromosomal or glasmid genetic material carrY%Zs.genes 
for 
I resistances to drugs and the nitrogen fixing genes has greatly simplified 
the movement of nif from one bacterium to another, and has facilitated the 
analysis of the genetic linkages of 
such genetic material to plant cells. 
Plasmids may be able to transfer 
Present work is also concerned with identifying the other factors 
necessary in a cell for the functioning of nitrogenase once it is produced in 
its new environment, from the transferred nif genes. The role of ammonia 
assimilating enzymes in regulating production of nitrogenase is also under study. 
been produced, Such bacteria, including Rhizobium in nodules, may be capable of 
of 
fixing nitrogen in the presence of large amounts/inorganic nitrogen in soil. 
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This situation does not prevail in much of the tropics! 
The production of nitrogen fixing associations of Rhizobium with legume 
plant tissue cultures (Holsten et al, 1971; Phillips, 1974; Child G La Rue,19741 
rapidly led to the discovery that non-legume plant callus could induce nitrogen 
fixation by Rhizobium (Child, 1975; Scowcroft 4 Gibson, 1975; Ranga Rao 1975; 
Gibson et al, 1976) and that Rhizobium grown in the absence of plant cells can 
fix nitrogen [Pagan et al 1975; McComb et al, 1975; Kurz 4 La Rue 1975; 
Tjepkemd E Evans, 1975; Keister, 1975). This confirms the suggestion made by 
Beijerinck (1894) and others since,that Rhizobium can fix nitrogen in culture. 
Recent work has been concerned with defining the optimum conditions for this 
nitrogen fixation, such as the effect of oxygen concentration, growth medium 
constituents particularly nitrogen compounds, and the controls regulating 
synthesis of nitrogenase. Free-living rhizobia cannot fix all the nitrogen they 
need for growth, and not all strains of rhizobia seem capable of this fixation. 
Such work has greatly increased our understanding of the way the root 
nodule works and has reduced the apparent anomalies between nitrogen fixation 
in the nodule and by free living bacteria. It is unlikely that nitrogen fixation 
by free-living Rhizobium will have any role in agriculture. Many free-living, 
nitrogen-fixing ,bacteria are present in soil and their activity is largely 
limited by the supply of energy (carbohydrate). The understanding that plant 
compounds 
roots can exude large quantities of carbon / : (Barber & Martin, 1976) offers 
more hope for increasing nitrogen fixation by selecting or breeding plants 
which supply more of the energy needed for nitrogen fixation to their root 
associated bacteria. 
8. Work at the International Institutes and Related Centres 
IRRI : In 1976 a UMDP grant of C. $ 1.5 million over 3 years was given 
for a joint project between IRRI, Cornell University and the Boyce Thompson 
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Institute, New York to study nitrogen fixation Ey t>ke rice root association. 
The aim is to measure the amounts of nitrogen cnvolved, the genetic variability 
betweenri&.cultivars, and to see if the activity can be enhanced by agronomic 
manipulations, At IRRI the Soil Microbiologist Dr. r. ~~a^;y~$Je is wo~kir'g almost 
exclusively on nitrogen fixation associa$ed with rice, with -GE hzls,: of a post 
doctoral fellow and a Ph.D. student from Japan. Rr.A.%.gleshm has been aF?oin- 
ted to work at the Boyce Thompson Institute and wilt JG% partly i,z the TirS and 
partly at IRRI. Professor M. Alexander plants to fiave 1-2 F3.C. s~~u~:.js~$-; pJfid 
possibly a post-doctoral fellow who will work on the bacteria insole;& i.n the 
association, and attempt to synthesise nitrogen frlxing rice-baet.eria associa- 
tions. 
CTMMYT: As part of the outreach program, Dy.5. Doole-;;tc Es e::amiz&q 
rotations of wheat with forage legumes ip, f‘&jrt;l Ar”-j&z (‘pJTLmisia> - alo]lg tp:e 
lines used extensively in Australia. 
IITA: Dr.A.Juo (Soil Chemist) ezd CX.B.T.KEE~ (SoiE ;e~-~iiity) aad 
Er.A.Ayanaba (Microbiologist) are looking at the effect of clearing and cropp- 
ing practices on soil organic matter content and available niWq:en Lc-Jels IZi 
long term experiments. The cropping practices include rc%sZic~s 2i2.h grain 
legumes, and a continuous para grass stand. Er;tiaates 0-2 nf -i-.* A_.... r,.LO~c;Tl I’<x&on 
should be possible from such experiments. Dr. R. Isla.3 is or,’ 8 post doctoral 
Fellowship looking at the effec t of mycorrhiza on legume g~oxth r;t,d Gxe Inter- 
action with nitrogen fixation. This project is a collab~orative 022 :;ieh Dr. B. 
Mosse, Rothamsted Experimental Station. Dr. Odeyemi has recently j .inad to Fork 
on Rhizobium - -__I_ characterising the soil pogulat2.ons end assessing 3e rcsponsn 
to inoculation. Ayanaba and Islam are measuring nitrogen fixation in field 
experiments by acetylene reduction. IITA plan to naint2in 2 WYI< cxlture 
collection of Rhizobium strains nodulating cowpea. A ?I-oposal has been submitted 
to UNEP to establish a Rhizobium MIRCEN (MicroSiological Resou~c C$ntrc). This 
scheme would include 2 post doctoral workers on leguize nitrogen filcation, and 
a training/extension program on inoculant production. 
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CIAT: Dr. P.Graham, Microbiologist and Leader of the Bean Program, is 
working full time on nitrogen fixation associated with Phaseolus vulgaris. 
Dr.J. Ealliday has recently joined and is working jointly on beans and on the 
yjliao’ai=. of forage legumes. Dr.B. Groff is collecting forage legumes and asses- 
ing their potential for use in the poor acidic soils characteristic of the 
Ll2aos. 3r.J. Spain is rlorking on the mineral nutrition of legume based 
pc?si.xres and grain legumes in these soils. Graham and Halliday have shown large 
diEerences betseen lines of beans in nitrogen fixation. Climbers are generally 
bet:er t+g bush types. Crosses have been made between agronomically desirable 
to nodules 
lines, and lines which fix much nitrogen. The pattern: of carbohydrate supply/- 
1s a7 &-so being extensively examined, to determine the variability that exists 
bs:r:een lines, in an attempt to choose efficient users of carbohydrate and to 
extend the very short period over which beans fix nitrogen. CIAT maintains a 
largs collection of Rhizobium strains nodulating beans. 
LCRISAT: The microbiology program is now one year old, and is concen- 
trating on nitrogen fixation by chickpea, pigeonpea and groundnut, and associated 
with m!liet and sorghum roots. We currently have one International Scientist 
CL ‘Q.aJ. Dart) and three research associates (O.P. Rupela, JVDK Kumar Rao, 8 R.V. 
Subba Rao) with one to join. We plan to also look at nitrogen fixa:*ion in the 
cropping systems, and at nitrogen fixation in legume/grass pastures. Training 
in inoculant production and quality control is also planned, and we will maintain 
a world collection of Rhizobium cultures nodulating the three ICRISAT legumes. 
USAID: Support for projects on nitrogen fixation by 1egmLes at USDA - 
Beltsville, Cornell, North Carolina, Puerto Rico and Illinois Universities, 
and by the cereal-grass associations at Nebraska and Florida Universities. The 
NifTAL (Nitrogen fixation by Tropical Legumes) project at the College of Agri- 
culture, University of Hawaii, and University of California, Davis started in 1976 
1976, and is estimated to cost $0.94 million over 3 years. Collections of 
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3. Rhizobium inoculaticn: Little is >,lop~n of the fe-& of y:yjzo'jia acter 
inoculation in tropical soifs ar;cl the cmpe?iticm fz.ced fro:-: native soil 
rhizobia. Inoculmt pz2duction is linitz2 52 xost Less developed 
countries, and only two have any q~.ality cc~t~:. In nany csuntl-ies 
different fcms of inoculan t nili need to be developed an2 produced, 
5. 
defining. Ways of using legmes to maintain or even build u? soil 
7, 
erg anic matter should continue to sou,cht . Trees have had very little 
attention, as has forage production in nest Countries. 
The potential for the non-no & lceing associaticns 0: bacteria with 1 1 
plant roots, and of blue-green uHgze to sipply nitrogen Tao cereal. and 
grass crops need5 to be quan”,ified. T:sle effect of the @a~“, ge~:c:ne 
on this nitrogen fir.ation aTsc zeeds c?a-z2.f$wg, The f;l”,sr,~a-:ig~al 
Centres with their gerqlasn ml 1. oaks ISES 9 and a~gE-op-iatc ccndlti0n.s 
for growth of the crops in the field, a.pb yxkpely placed to parsue 
these questions. Within 5 years wz should ‘iac;~ whether it will be 
possible to manipulate these systrns -L.C inzrease the spangly cf bio- 
logically fixed nitrogen to crops, and lmr zxh nitrogen is involved. 
8. Studies on the biochernistz-y of nitroger, 
manipulations of nitrogen fixing genes, 
of laboratories in the developed ~orle., 
from any advances in this field wii:! be 
the world. At present such v~ork appears to be adeq%sateiy furrded. As 
Dr.P.§. Nutman (1976) commented sucis irk PF~~cm unlikely -20 make any 
contribution in the foreseeable 3zk:l;e -Lx;srds sc~ving the sroblem L 
of the world shortage of protein. 2%is is an urgent problem, and its 
solution cannot await the de~zelopnant of entirely new teck. logies, 
whose prospects of success, though much publicised, are often greatly 
exaggerated, leading to unwarranted optimism in various quz.rters. It 
will be far better to concentrate-rescurces on kmproving the efficiency 
with which we utilise the nitrogen-f’ ~.r:~~n,~ systexs which Nature has 
provided, There is much that can ke &XE to increase the ;irea devoted 
to leguminous crops and to improve methods cf cultivation, so that 
improved yields will result. The protein shortage would e*,,-aTorate if 
a sustained effort w&re to be made in these directions” . 
